Therefore, we examined among 3506 mothers and their children participating in a population-based prospective cohort study from early fetal life onwards the associations of maternal PlGF and sFlt-1 levels during the first and second trimester of pregnancy with retinal vessel calibers at the age of 6.
I mpaired fetal growth is associated with cardiovascular disease in adulthood. 1 The mechanisms underlying these associations are not known, but they may include developmental adaptations in the cardiovascular system during fetal life in response to suboptimal fetal environment.
1,2 Recently, we observed that suboptimal fetal and placental vascular development may have a persistent influence on cardiovascular function in later life. 3 Placental and fetal vascular development is a complex process in which several angiogenic factors are involved. 4 Placental growth factor (PlGF), a proangiogenic factor secreted by cytotrophoblasts, plays a key role in normal angiogenesis. This process is necessary for the development of the fetal vascular system in the placental villous tree and development of an adequate uteroplacental circulation. 5 Soluble fms-like tyrosine kinase (sFlt-1), an antiangiogenic factor secreted by endothelial cells, can block the effect of PlGF. 4 Previous studies showed that lower PlGF levels can disrupt the normal process of neoangiogenesis, whereas higher sFlt-1 levels during pregnancy can lead to systemic endothelial dysfunction. 6 Both pathways may result in a suboptimal fetoplacental vascular development. 7, 8 In this study, we hypothesized that angiogenic factors during pregnancy may not only affect placental and fetal vessel development but also persistently influence microvasculature structures postnatally. Early childhood developmental adaptations in microvasculature may subsequently increase the risk of development of hypertension in later life.
Methods

Study Design
This study was embedded in the Generation R Study, a populationbased prospective cohort study from fetal life onwards in Rotterdam, the Netherlands. 10 All children were born between 2002 and 2006. Response rate at baseline was 61%. 10 The study protocol was approved by the Medical Ethical Committee of the Erasmus MC, Rotterdam. Written informed consent was obtained from all parents. In total, 8879 mothers were included prenatally. Maternal blood samples were available among 8019 singleton births. In total, 5544 children participated in the follow-up measurements at a median age of 6.0 years (90% range, 5.7-8.1). Retinal vessel measurements were available in 3505 children. Missing retinal vessel measurements were mainly because of the later start of these measurements during the follow-up visits (Figure) . PlGF and sFlt-1 levels during the first trimester of pregnancy were lower among mothers included, compared with those not included in the analyses. Also children who were not included in the analyses had a lower birth weight and were less often breastfeed when compared with children who were included (Table  S1 in the online-only Data Supplement).
Angiogenic Factors During Pregnancy
Maternal nonfasting venous blood samples were drawn in the first trimester (13.4 weeks of gestational age; 90% range, 10.5-17.2) and second trimester (20.4 weeks of gestational age; 90% range, 18.8-22.9). Details of processing procedures have been described previously. 10 Blood samples were stored at −80°C. PlGF and sFlt-1 levels were analyzed using an immunoelectrochemoluminence assay on the Architect System (Abbott Diagnostics B.V., Hoofddorp, the Netherlands). The between-run coefficients of variation for plasma PlGF were 4.7% at 24 pg/mL and 3.8% at 113 pg/mL. The coefficients for sFlt-1 were 2.8% at 5.5 ng/mL and 2.3% at 34.0 ng/ mL. Because these measurements were not normally distributed, we log-transformed them for further analyses.
Retinal Microvasculature Assessment
At the age of 6, retinal photographs were taken by a well-trained staff in a dedicated research center. Digital retinal photographs centered on the optic disc were taken in one eye with image resolutions of 4096 and 3072 pixels, using Topcon digital retinal camera (model TRC, NW300). We use the same methods and protocols to measure retinal vascular caliber from the digitized retinal photographs, as described in previous studies among adults. 11, 12 Briefly, a semiautomatic computer imaging program was used to measure the caliber of the 6 largest retinal arterioles and venules located one half to 1 disc diameter from the optic disc margin. 13 Using the revised Knudtson-Parr-Hubbard formula, absolute arteriolar and venular diameter were estimated in micrometers and subsequently were summarized as central retinal arteriolar and venular equivalents, representing the average arteriolar and venular caliber of that eye, respectively.
14 Graders, masked to birth parameters and other participant characteristics, operated the computer program and monitored all retinal measurements. We constructed grader-specific SD scores for both central retinal and arteriolar equivalents. Interclass correlation coefficients between graders were 0.79 for retinal arteriolar caliber and 0.89 for retinal venular caliber, which suggests adequate reproducibility.
Covariates
We obtained information about maternal age, parity, educational level, prepregnancy body mass index, smoking during pregnancy, and folic acid supplement use by questionnaires. Maternal blood pressure was assessed at enrollment, and information on pregnancy complications (hypertensive disorders and gestational diabetes mellitus) was obtained from medical records. Information on ethnicity was obtained from the first questionnaire at enrollment in the study. 10 Gestational age was established by fetal ultrasound examination during the first ultrasound visit, and birth weight was obtained from medical records. We obtained information on breastfeeding and average TV watching time by questionnaires. At the age of 6, we measured childhood height and weight and calculated body mass index (kg/ m 2 ). Childhood systolic and diastolic blood pressures were measured at the right brachial artery, 4× with 1-minute intervals, using the validated automatic sphygmanometer Datascope Accutor Plus TM (Paramus, NJ), and we used the mean of the last 3 blood pressure measurements for the analyses. 15 
Statistical Analyses
First, we used linear regression models to examine the continuous associations of maternal PlGF and sFlt-1 levels with childhood retinal vessel calibers. These models were first adjusted for child's age and sex and gestational age at blood collection (basic model) and were subsequently additionally adjusted for potential confounders, including maternal and childhood sociodemographic and lifestylerelated characteristics. These covariates were selected based on their associations with placental function or the outcomes of interest based on previous studies or a change in the effect estimate of >10%. 12, [16] [17] [18] Table S2 shows the associations of each covariate with the outcomes of interest. Next, these models were additionally adjusted for gestational age at birth, birth weight, and child's current body mass index and blood pressure to explore whether the observed associations were explained by birth or childhood characteristics. For all analyses, we constructed SD scores (SDS; [(observed value−mean)/ SD]) for PlGF and sFlt-1 levels. Second, because lower PlGF and higher sFlt-1 levels have been associated with an increased risk of adverse pregnancy outcomes, 19 we defined low PlGF as the lower 25% and a high sFlt-1 as the upper 25% within our study population. We used similar models to assess the associations of low PlGF and high sFlt-1 levels with childhood retinal vessel calibers. We tested potential interactions between PLGF and sFlt-1 levels and gestational age at birth, birth weight, and child's sex in relation to retinal vessel calibers. Because no significant interactions were present, no further stratified analyses were performed. To reduce potential bias because of missing data, we performed multiple imputations for missing values of covariates (<25% missing values). Five datasets were created and analyzed together. 20 Imputations were based on the relationships between covariates, determinants, and outcomes. Analyses were performed using the Statistical Package of Social Sciences version 21.0 (SPSS Inc, Chicago, IL). Table 1 shows the characteristics of the study population. The mean (SD) arteriolar and venular calibers were 159.1 μm (14.9) and 219.0 μm (20.0), respectively. Table 2 shows that in the models adjusted for child's age at visit, sex, and gestational age at blood collection, lower maternal first trimester PlGF levels, but not sFlt-1 levels, were associated with narrower retinal arteriolar caliber in childhood (difference: −0.06 SDS [95% confidence interval (CI), −0.12 to 0.00], per SDS decrease in PlGF). This association was fully explained by maternal and childhood sociodemographic and lifestyle-related characteristics. Lower maternal second trimester PlGF and sFlt-1 levels were associated with narrower childhood retinal arteriolar caliber (differences: −0.12 SDS [95% CI, −0.19 to −0.04] and −0.04 SDS [95% CI, −0.07 to −0.01] per SDS decrease in PlGF and sFlt-1, respectively). After additional adjustment for confounder factors, lower maternal PlGF levels, but not sFlt-1 levels, were still associated with narrower retinal arteriolar caliber in childhood (P value=0.01). This association was not further influenced by adjustment for birth and childhood characteristics (difference: −0.09 SDS [95% CI, −0.16 to −0.01], per SDS decrease in PlGF levels in the fully adjusted model). Maternal PlGF and sFlt-1 levels in the first or second trimester were not associated with childhood retinal venular caliber. Table 3 shows the associations of low maternal PlGF levels and high maternal sFlt-1 levels, defined as the lower and upper 25% of the distribution, respectively, with childhood retinal arteriolar caliber. No associations were present for first trimester levels. When compared with normal maternal second trimester PlGF levels, low PlGF levels were associated with narrower childhood retinal arteriolar caliber (difference: −0.11 SDS [95% CI, −0.19 to −0.03]). This association was only partly explained by maternal and childhood factors. In the fully adjusted model, low maternal PlGF levels tended to be associated with narrower childhood retinal arteriolar caliber (difference: −0.08 SDS [95% CI, −0.16 to 0.00] compared with normal PlGF levels). Compared with the normal sFlt-1 levels, high second trimester sFlt-1 levels were associated with wider childhood retinal arteriolar caliber (difference: 0.10 SDS [95% CI, 0.02 to 0.17]), but this association was fully explained by maternal and childhood characteristics. Table 4 shows that no associations of first and second trimester maternal PlGF levels with childhood retinal venular caliber were present. High second trimester sFlt-1 levels were associated with wider childhood retinal venular caliber (difference: 0.09 SDS [95% CI, 0.01-0.17]), but these associations were fully explained by maternal and childhood factors.
Results
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Discussion
Results from this prospective cohort study suggest that lower maternal second trimester PlGF levels are associated with narrower retinal arteriolar caliber in childhood. This association was not explained by maternal or childhood factors. No associations of first and second trimester sFlt-1 levels with childhood retinal vessel caliber were present.
Methodological Considerations
We used a population-based cohort study design with a large number of subjects. The response rate at baseline was 61%. Of all children participating in follow-up measurements at the age of 6, 63% participated in the follow-up studies of retinal vessels. Loss to follow-up could lead to biased effect estimates if the associations of angiogenic factors with retinal vessel calibers would be different between children included and not included in the analyses. Nonresponse analyses showed that maternal PlGF and sFlt-1 levels during the first trimester were lower among mothers who were not included in the current analyses compared with those who were included. Birth weight was also lower in children who were not included in the current analyses compared with those who were included. These could have led to an underestimation of the observed associations. We used validated techniques to measure retinal vessel calibers. We did not take into account other ocular factors, such as axial length and refractive error that might affect retinal vessel measurement. 21, 22 However, it has been previously shown among adults that these factors have only a small effect on the measurement of retinal vessel calibers and that they do not influence the associations between retinal vessel calibers and cardiovascular disease. 23 Although, we used a population-based prospective cohort of healthy children and we performed extensive adjustments for a large number of potential confounders, residual confounding in the observed associations might still occur, as in any observational study. For example, no information was available on intraocular blood pressure and glucose levels in children, which can influence the retinal vessel structure.
Interpretation of Main Findings
It has been suggested that developmental adaptations to the heart and blood vessels in response to a suboptimal fetal environment may lead to increased risks for cardiovascular diseases in adulthood. 1 Previously, we observed that suboptimal fetal and placental vascular development may have a persistent influence on cardiovascular function in childhood. 24 A prospective study among 44 adolescents found smaller diameters of large arteries among adolescents born with intrauterine growth restriction caused by an abnormal fetoplacental blood flow, compared with those born with normal fetal growth and normal fetoplacental blood flow.
left ventricular mass and a higher systolic blood pressure in childhood. 3 Thus, inadequate fetoplacental vascular development has an adverse influence on offspring cardiovascular structure and function.
Fetoplacental vascular development is dependent on several angiogenic factors. 4 PlGF is a proangiogenic factor, which plays an important role in aggregation and growth of endothelial precursors necessary for the formation of fetal vascular system in the placental villous tree. PlGF also contributes to the development of an adequate uteroplacental circulation, by remodeling the maternal endothelium of the spiral arteries. sFlt-1, an antiangiogenic factor secreted by endothelial cells, blocks the effect of PlGF. 4 Previous studies have reported that lower levels of PlGF and higher levels of sFlt-1 in the first and second trimester of pregnancy are associated with increased risk of preeclampsia, preterm birth, and fetal growth restriction. 7 In this study, we observed that lower second trimester maternal PlGF levels are associated with narrower retinal arteriolar caliber in childhood. This association was not explained by maternal sociodemographic and lifestyle-related characteristics, pregnancy complications, birth characteristics, or childhood factors. No associations of sFlt-1 with childhood retinal vessel caliber were present. Several longitudinal studies among adults have shown that retinal arteriolar narrowing, likely indicative of increased peripheral vascular resistance, is associated with increased risks of hypertension in later life, and can therefore be used as an early marker of cardiovascular disease risk. 11, 27 Also, studies among children aged 6 to 8 and 12.7 years have shown that narrower retinal arterioles were significantly correlated with increased risks of hypertension. 12 Our results suggest that reduced maternal second trimester PlGF levels, which are associated with a suboptimal placenta development and the risk of adverse pregnancy outcomes, 7, 8 might also lead to narrowing of microvasculature in later life. Reduced PlGF levels can disrupt the normal growth of the vessels and the process of neoangiogenesis, which might lead to permanent alterations in the microvessel structure. 28 Furthermore, lower PlGF levels reflect inadequate placental development, which affects oxygen levels in the fetoplacental environment. 29 In humans, hypoxia during pregnancy increases sFlt-1-circulating levels and its biological sequelae, which can lead to altered in uteroendothelial development by inhibiting endothelial cell proliferation and tubule formation 30 and by stimulating a systemic endothelial dysfunction. 6 Higher sFlt-1 levels block the normal function of pregnancy-related proangiogenic factors, such as vascular endothelial growth factor and PlGF, leading to lower PlGFcirculating levels. Lower concentrations of proangiogenic factors are shown to decrease nitric oxide availability, which could lead to endothelial dysfunction and impaired endothelium dependent vasodilatation. 31 Finally, altered PlGF and sFlt-1 levels inhibit transforming growth factor-β. 32 Transforming growth factor-β is required for inhibition of angiogenesis of sprouting endothelial cells and plays a role in vessel maturation and stabilization, and lower transforming growth factor-β concentrations can lead to endothelial dysfunction. 33 Thus, retinal arteriolar narrowing in childhood might reflect structural microvasculature changes and pathophysiological processes related to endothelial dysfunction. 34 To the best of knowledge, this study is the first that examined the relation of maternal angiogenic factors during pregnancy with childhood microcirculation. Therefore, these results should be considered as hypothesis generating and need further replication. Also, further studies are needed to examine the potential mechanisms underlying the observed associations and whether these early microvasculature maladaptations contribute to an increased risk of cardiovascular disease in later life.
Perspectives
Maternal angiogenic factors during pregnancy are important for normal placental and fetal vascular development and function. Not much is known whether angiogenic factors during pregnancy might also affect childhood retinal Values are standardized regression coefficients (95% confidence interval) and reflect the difference for retinal vessel calibers per SDS change in PlGF and sFlt-1 levels. Basic model is adjusted for child's age at visit, sex, and gestational age at blood collection. Confounder model is additionally adjusted for lifestyle and sociodemographic confounders (maternal age, education, prepregnancy body mass index, parity, blood pressure at intake, folic acid use, maternal smoking during pregnancy, pregnancy complications [gestational hypertension, preeclampsia and gestation diabetes mellitus] plus child's ethnicity, breastfeeding, and TV watching). Childhood factor model is additionally adjusted for child' gestational age at birth and birth weight and childhood body mass index and blood pressure. PlGF indicates placental growth factor; SDS, SD scores; and sFlt-1, soluble fms-like tyrosine kinase.
* Values are standardized regression coefficients (95% CI) and reflect the difference for retinal arteriolar caliber. Basic model is adjusted for child's age at visit, sex, and gestational age at blood collection. Confounder model is additionally adjusted for lifestyle and sociodemographic confounders (maternal age, education, prepregnancy body mass index, parity, blood pressure at intake, folic acid use, maternal smoking during pregnancy, pregnancy complications [gestational hypertension, preeclampsia, and gestation diabetes mellitus] plus child's ethnicity, breastfeeding, and TV watching). Childhood factor model is additionally adjusted for child' gestational age at birth and birth weight and childhood body mass index and blood pressure. Low PlGF is defined as the lower 25% and a high sFlt-1 as the upper 25% within our study population. CI indicates confidence interval; PlGF, placental growth factor; SDS, SD scores; and sFlt-1, soluble fms-like tyrosine kinase. Table S1 Comparison of subject characteristics between children included and not included in the analyses Table S2 Associations of covariates with childhood retinal vessel calibers Values are means (SD), percentages (%), or medians (95% range).
